INTRODUCTION
============

Despite the need to transform teaching and learning in the sciences (e.g., [@B12]; [@B5]; [@B55]; [@B7]) and the emerging body of research on how to do so ([@B4]; [@B64]), adoption of these findings by faculty who teach undergraduate science courses has been slow, at best ([@B13]; [@B65]). The transformation of undergraduate science, technology, engineering, and mathematics (STEM) classroom experiences requires a fundamental shift in how instructors approach teaching and learning, moving from an information-transfer, teacher-centered model to one that is concept-focused, learner-centered, and collaborative ([@B71]).

The way instructors approach their teaching is influenced profoundly by their beliefs and conceptions about teaching ([@B36]; [@B41]; [@B54]). Some authors claim that change in conceptions about teaching is a necessary prerequisite to changing instruction ([@B36]), while others claim the opposite; that is, change in teaching practices occurs before change in beliefs ([@B25]). In either case, conceptions about teaching take time to change ([@B54]) and require instructors to reflect on their own teaching practices and evaluate the relative consistency between their beliefs and actions in the classroom ([@B74]). Instructors' teaching conceptions are further influenced by the discipline and teaching context ([@B41]). All of these variables contribute to the complexity of teaching and learning in the higher education system. Institutions have acknowledged this reality and in response have advocated for decades the need to provide faculty opportunities to learn about effective teaching through professional development workshops ([@B15]).

Even with the continued availability of and interest in teaching development opportunities, there is little evidence of resulting widespread impact on teaching practices and even less about the impact on student learning ([@B23]; [@B24]; [@B31], [@B33]). For example, faculty participation in a 3-yr program of professional development that focused on transforming teaching did not result in implementation of learner-centered teaching by most participants. In surveys, the faculty reported incorporating many learner-centered activities in class, but observational data did not confirm those assertions ([@B19]). Other notable examples of programs that target professional development of current and future STEM faculty include the Center for the Integration of Research, Teaching, and Learning ([@B8]; [@B49]), the Summer Institutes (SI) through the Center for Scientific Teaching at Yale ([@B27], [@B28]), On the Cutting Edge Workshops and Resources for Early Career Geoscience faculty ([@B44]), and the Workshop for New Physics and Astronomy Faculty ([@B30]). Collectively, these programs impacted several thousands of faculty ([@B34]). Survey data from participants in these programs indicated that a large percentage of respondents made specific changes to their teaching practices, primarily shifting toward active-learning techniques. Only one of these programs reported data from direct observation, however, which indicated that 45% of the faculty who participated in workshops were transitioning toward learner-centered teaching and only 25% actually implemented learner-centered instruction ([@B68]; [@B43]). Overall, the availability of reliable evidence for transformed teaching after professional development is limited across STEM disciplines, making the identification of professional development best practices and effective models for change difficult ([@B31]; [@B4]).

Effective professional development requires that instructors reconceive the learning and teaching experience ([@B20]; [@B31]), a process that can be productively viewed through the lens of conceptual change theory ([@B53]; [@B52]; [@B22]). Workshop strategies that align with the theoretical framework of conceptual change are predicted to successfully help teachers transform their conceptualization of the learning process and thus change their teaching practices. Researchers suggest that successful strategies for effecting change are collegial and community based, focus on content knowledge, and utilize concrete and coherent active-learning opportunities ([@B20]; [@B23]). Furthermore, conceptual change is more likely to occur when participants engage over an extended period of time (more than one semester; [@B63]; [@B72]; [@B20]; [@B31]). Finally, mentoring of and reflection by participants is a component of professional development that is critical for conceptual change ([@B37]; [@B13]). Collectively, these change strategies are predicted to work, because they address individual beliefs and experiences as well as situational factors that support or impede changes in teaching ([@B32]).

The aim of our research was to determine the extent to which postdoctoral fellows (i.e., future biology faculty) believed in and implemented evidence-based pedagogies after completion of a 2-yr professional development program, Faculty Institutes for Reforming Science Teaching IV (FIRST IV). If the program was effective at transforming teaching, then we predicted that 1) postdocs (PDs) would demonstrate belief in learner-centered approaches to teaching, 2) implement learner-centered teaching practices in the classroom, and 3) design assessments that are aligned with beliefs and practices of learner-centered teaching.

In developing FIRST IV, we selected implementation strategies based on scientific teaching (i.e., teaching science using evidence-based practices that include active learning and diversity; [@B27]), research, findings from the conceptual change literature, and results from previous professional development programs. The FIRST IV program adapted theoretically based strategies in a professional development model built on a mentored, team-based approach to learning, in which participants engaged in an iterative process of curriculum development and teaching practicum, followed by reflection, revision, and a second teaching experience. Our approach was consistent with reviews of faculty professional development in which positive and/or lasting effect on teaching was associated with the use of repeated active and experiential interventions over time and collaboration (e.g., [@B24]; [@B67]) and in which participants were actively engaged in all dimensions of learner-centered pedagogy ([@B30]).

FIRST IV also built on the lessons learned from the earlier iteration of the project (referred to here as FIRST II; [@B19]) by 1) selecting participants who were less-experienced instructors (i.e., PDs), 2) focusing on actual teaching practices rather than focusing only on teaching tools to use in the classroom, and 3) helping participants build an entire course rather than develop a single unit of instruction. Furthermore, in response to the need for rigorous evaluation of the FIRST model, we incorporated methods that used direct observation and analysis of the participants' teaching and self-reported data. In doing so, we demonstrated that FIRST IV instructors implemented learner-centered teaching and did so to a greater degree than several comparison groups of faculty.

METHODS
=======

The FIRST IV Program
--------------------

PDs were the subjects of our research. The PDs were recruited nationally in 2009 and 2011, forming two separate, 2-yr cohorts of 99 and 102 PDs, respectively. The PDs accepted to FIRST IV were assigned to one of five regional teams located around the United States, each of which was based at a biological research field station and led by a team of two or three regional team leaders (RTLs) who were experts in biological science and pedagogy. Thirteen RTLs participated in a training workshop in the Spring of each of the first 2 yr of the project to prepare to implement the workshops (see Supplemental Material, section 1).

The PDs engaged in a 2-yr program of professional development. At the beginning of each year of participation, they completed a summer workshop. The broad objectives of the first workshop (4 d) for each cohort were for participants to 1) gain knowledge about evidence-based methods that support learner-centered STEM teaching; 2) begin to develop a learner-centered course, in which objectives, assessments, and instruction are aligned; and 3) make useful and sustainable connections with other PDs and RTLs for continuing project-related work after the workshop. The objectives for the second workshop (3 d) were for participants to 1) reflect on their teaching experience(s) from the prior year; 2) gain further practice with learner-centered, evidence-based teaching methods; 3) gain access to additional teaching and assessment tools and resources; 4) receive feedback about their teaching and job-seeking experiences; and 5) complete action plans for revision of their course and teaching in year 2.

The activities of the PDs in the academic year between workshops focused on three elements. First, each PD continued to develop a learner-centered introductory biology course with a team of PDs established during their first workshop. The second element was interaction of the PDs with their assigned RTL mentors and PD team as a means of receiving feedback about teaching, development of courses and teaching materials, and job applications. RTL mentors and their PDs established a meeting schedule and other interactions as needed. Third, the PDs completed an authentic teaching experience. Ideally, the experience was teaching one or more entire course(s); for many PDs, however, opportunities were only available to teach one unit or a few lectures of a course. In cohorts 1 and 2, 53% (74 of 140) and 67% (103 of 154) of the teaching experiences that occurred were full courses, respectively.

Assessing Teaching
------------------

To determine the effectiveness of FIRST IV for training learner-centered teachers, we used a mixed-methods approach ([@B16]) that incorporated: 1) PDs' perceptions of their teaching, 2) rating of PD teaching based on independent observations of teaching videos, 3) rating of teaching videos obtained from non-FIRST faculty, and 4) the contents of assessments used by the PDs when teaching.

Participants' Perceptions about Teaching
----------------------------------------

We characterized the PDs' beliefs about their own teaching using the Approaches to Teaching Inventory 22 (ATI; [@B69]; [@B70]) and surveys that we designed to document the PDs' knowledge and experience with active-learning pedagogy and teaching strategies (Supplemental Material, section 2). The ATI was developed to measure qualitative variation in two key dimensions of teaching; specifically, conceptual change/student focused (CCSF) and information transmission/teacher focused (ITTF). Results from the ATI are scored on a CCSF and an ITTF scale. Instructors who use a CCSF approach aim to change students' thinking about the material studied, with a focus on ways to challenge students' current ideas so that students construct their own knowledge. Instructors using an ITTF approach see their role as mainly to transmit information to students and to focus on development of skills that improve competency in information transfer. The two scales are independent rather than ends of a continuum ([@B57]). Use of the ATI is context specific; thus, each PD completed the ATI at the end of each course that he or she taught. Project-created surveys about teaching knowledge and experience with education reform and active-learning approaches to teaching were completed by the PDs at the beginning and end of their participation in FIRST IV (see Supplemental Material, section 2).

Participants' Teaching Practice
-------------------------------

Classroom teaching practices were assessed using an external review process. Each PD submitted videos for at least two complete class sessions for each full course that he or she taught during his or her FIRST IV participation. The specific class sessions that were recorded were determined by each PD. The PDs were asked to focus their videos on what they and their students did during the class. For example, we asked them to capture interactions with and among the students, to include any visual materials used (e.g., PowerPoint slides), and to accurately record audio of both their instruction and the students' conversations with each other.

Three considerations were key to our selection of an instrument for evaluating teaching practices of the PDs. First, the instrument needed to focus on the nature of student learning and in-class interactions rather than provide an ethogram of teaching behaviors. Classroom dynamics are inherent to the teaching approach used (e.g., teacher centered vs. learner centered) regardless of the topics studied during a given class period. Second, we considered the availability of comparative data from other professional development projects as a means of increasing the rigor of our project evaluation process ([@B35]). Third, the instrument had to fit within the design of the FIRST IV project (e.g., time efficient given the large number of videos). Accordingly, we chose the Reformed Teaching Observation Protocol (RTOP). The RTOP is a validated observational instrument designed to measure the degree to which classroom instruction uses "reformed teaching" as defined by [@B62]. The RTOP focuses on the nature of student learning and student--student and student--faculty interactions and is aligned with the theoretical underpinnings of constructivist literature about teaching and learning ([@B51]; [@B42]; [@B62]; [@B45]). It is a highly reliable instrument in terms of item reliability and interrater reliability across institutions and instructors ([@B45]; [@B3]) with strong predictive validity for student achievement ([@B21]; [@B39]; [@B11]). The RTOP has been used to assess the effectiveness of a variety of professional development programs ([@B1]; [@B2]; [@B19]). Also, comparative RTOP data were available from two previous faculty professional development programs.

Total score on the RTOP indicates the degree of learner-centered instruction and student involvement in a class session ([@B62]). The total score is obtained by summing subscores for each of five subcategories. The total score is classified into one of five categories in which categories I and II represent teacher-centered classrooms and categories III--V represent classrooms that are learner-centered to varying degrees ([@B61]; [Table 1](#T1){ref-type="table"}). Details of the RTOP subcategories and score interpretations are explained fully in [@B14].

###### 

Scoring categories of the RTOP^a^

  RTOP category   Typical RTOP score   Type of teaching
  --------------- -------------------- -------------------------------------------------------------------------------------------------------------------------------------
  I               0--30                Straight lecture
  II              31--45               Lecture with some demonstration and minor student participation
  III             46--60               Significant student engagement with some minds-on as well as hands-on involvement
  IV              61--75               Active student participation in the critique as well as the carrying out of experiments
  V               76+                  Active student involvement in open-ended inquiry resulting in alternative hypotheses, several explanations, and critical reflection

^a^Adapted from [@B61]).

We trained and calibrated biology education experts in the use of RTOP. During the initial calibration, all potential reviewers (*n* = 18) watched a set of eight to 14 videos, followed by discussion of their RTOP scoring. On completion of the initial calibration, reviewers who had an intraclass correlation coefficient (ICC; [@B26]) of at least 0.7 and the time to commit to the video-review process, were selected as the final pool of reviewers (*n* = 13). Four of the experts were associated with a former FIRST project, two were project PDs, and the remainder were external to the FIRST IV program.

Review of videos was not initiated until year 3 of the project, so a pool that included videos from both PD cohorts was available. Each reviewer was assigned four to eight randomly selected videos to review each month. Each video (*n* = 489) was reviewed by two experts who did not know the PD, the cohort, or when the video was recorded. If the two reviewer scores for a video did not fall within the same RTOP category or lay at opposite ends of a single category ([Table 1](#T1){ref-type="table"}), then additional reviews were conducted by new reviewers until a majority of reviews yielded similar scores (\< 8 points apart within one category). Outlier scores were not included in the final average RTOP score for that video. One randomly selected video was assigned to all reviewers each month for calibration purposes. The identity of the calibration video was withheld from the reviewers to ensure that the review was conducted similarly to any other video. Interrater reliability of the reviewer group was measured by calculating the cumulative monthly ICC each month. If a reviewer had a video score that was an outlier for two calibration video recordings, then the reviewer was asked to reexamine the recordings and their ratings in light of scores provided by the other reviewers of that video. The average ICC for the total review period was 0.71 (range: 0.46--0.85). There was no significant change in ICC score over the 17-mo video-review period (linear regression, *r*^2^ = 0.017, *p* \> 0.05). Scores on the two videos submitted by a PD were averaged to obtain a final total RTOP score and subscores for each PD. There was no significant difference in total RTOP scores for the two videos submitted by the PDs (paired *t*-test, *p* \> 0.05).

For comparison purposes, we also obtained teaching videos from 20 biology faculty who were not associated with a specific professional development program, each at a different institution, during 2011--2013. These faculty were recruited by FIRST IV PDs who were now in faculty positions and are hereafter referred to as "comparison faculty" (CF). When recruiting CF, the PDs sought faculty with teaching experience similar to their own; specifically, junior faculty who taught an introductory-level biology course. The teaching approach used by the CF was not a criterion for selection. Background information was obtained from all CF at the beginning of their semesters of participation. All but three of the faculty had less than 6 yr of teaching experience. Most of the CF (65%) reported no participation in faculty professional development programs in the prior 2 yr. Those who did engage in professional development reported activities such as attending education conferences and workshops, participating in a faculty learning community, working with a teaching mentor, and participating in a national training program. Each of the CF, the majority (78%) of whom taught an introductory-level biology course, submitted video recordings for at least two class sessions. The videos were reviewed as part of the pool of recordings described earlier.

Participants' Assessments of Learning
-------------------------------------

An important component of the FIRST IV training was learning to design assessments that aligned with the types of learning students practiced during a course, for example, higher-order cognitive thinking and constructivist learning through cooperative work and active engagement. We evaluated the progress of PDs in their design of assessments by determining the level of cognitive skills targeted in their high-stakes assessments (i.e., exams and quizzes) when teaching an entire course. We used [@B10] to classify the cognitive skills assessed by each quiz/exam question used by PDs when teaching an entire course. Cognitive skill categories consist of six levels that represent a continuum from simple to complex cognitive tasks: 1) knowledge, 2) comprehension, 3) application, 4) analysis, 5) synthesis, and 6) evaluation. The first two categories can be considered to describe lower-order cognitive skills and the latter four categories to describe higher-order cognitive skills ([@B6]). Assessment items were assigned cognitive skill levels by two independent raters who had achieved a Cohen's kappa of 0.87 (*n* = 188 assessments). We determined the percent of points on each quiz or exam that was assigned in each Bloom's category (e.g., \[25 points/80 points total\] × 100) and averaged the values within each Bloom's category for all assessments used in each course. If a PD (*n* = 57) taught the same course more than once, then the scores for all assessments for that course were averaged (seven of 57 PDs taught the same course two or more times).

Statistical Analyses
--------------------

The surveys used to assess faculty approaches to their teaching were based on a five-point Likert scale. The data were treated as ordinal, and the statistical analyses were conducted using nonparametric tests ([@B58]). To characterize the PDs' approaches to teaching, we tested for differences between the subscales (CCSF and ITTF) using Wilcoxon signed-rank tests. To determine whether there was significant change in the PDs' approaches to teaching over the course of their training, we used mixed linear analyses, with instructor as a random effect, and paired *t*-tests of pre- and postscores on the ATI, with prescores obtained during the initial workshop as the PDs developed the courses they would teach the following year. Significant gains in the PDs' knowledge and firsthand experience with active-learning pedagogy and teaching strategies were determined by subtracting the prerating from the postrating and testing the resulting difference using Wilcoxon signed-rank tests.

Using a chi-square test with Yates correction, we compared the frequency of scores in the five RTOP categories ([Table 1](#T1){ref-type="table"}) for PDs who taught entire courses with those who taught part of a course. Differences in mean RTOP scores for PDs who taught an entire course and those who taught part of a course were analyzed using a *t*-test after testing the data for normality. We also tested for an effect of course level and enrollment using regression analysis. Course level was converted to a dummy variable with two categories, lower level (100--200 level) and upper level (≥300 level courses).

To analyze the distribution of points assigned to each Bloom's category on the tests and quizzes used by the PDs, we compared the distribution for lower-level courses (100--200 level) with that of higher-level courses (300--400) using the Kolmogorov-Smirnov two-sample test. The alignment between teaching practice, as measured by RTOP score, and the cognitive skills assessed by PDs, as determined by mean Bloom's score, was analyzed using Spearman's correlation coefficient. We used SAS version 9.3, release TS1M2 (SAS Institute, Cary, NC) for all statistical analyses. Data are presented as arithmetic means ± 1 SE. Statistical significance was determined as *p* ≤ 0.05. All protocols used in the FIRST project were approved by the Michigan State University Institutional Review Board (IRB X08-550 exempt, category 2).

RESULTS
=======

Participants and Their Beliefs about Teaching
---------------------------------------------

Participants in the two FIRST IV cohorts had similar demographics and teaching backgrounds, except that more of the cohort 2 PDs had experience as an adjunct/lecturer/instructor and more were from a non--research intensive institution compared with cohort 1 PDs ([Table 2](#T2){ref-type="table"}).

###### 

Demographic and background characteristics of the two cohorts of FIRST IV postdoctoral scholars

  Demographic/background variable                                                             Cohort 1 (*n* = 93)   Cohort 2 (*n* = 97)
  ------------------------------------------------------------------------------------------- --------------------- ---------------------
  Gender ratio (F:M)                                                                          1.7:1                 2.1:1
  Home institution type (research: non-research)^a^                                           2.7:1                 1.7:1
  Prior TA experience                                                                         84%                   83%
  Prior instructor experience                                                                 37%                   56%
  Prior professional development activity (discussion group, workshop, longer-term program)   25%                   29%

^a^Based on Carnegie classifications.

Results from self-reported data indicated that the PDs placed a greater emphasis on concept-focused, learner-centered teaching, compared with traditional information-transfer, teacher-centered instruction during the FIRST IV project. On average, the PDs reported significantly higher ratings on the CCSF scale (mean = 3.87 ± 0.04) of the ATI, compared with the ITTF scale (mean = 3.28 ± 0.04) when teaching a full course (*n* = 190 courses; Wilcoxon signed-rank test, *p* \< 0.0001). On the ATI, participants reported the extent to which each survey item was true in their specific course on a five-point Likert scale ranging from "only rarely" to "almost always." A large majority of participants (91%) who taught a complete course had a mean score above 3 for the CCSF survey items, compared with 67% for the ITTF items. Also, 74% of the participants scored higher on the CCSF compared with the ITTF scale.

We tested for change in ATI score during participation in FIRST IV. There was no significant main effect of time on mean CCSF or ITTF score for participants who taught one or more complete courses (*n* = 190) from when they first entered the project to their last teaching experience (mixed linear analysis, *p* \> 0.05). Because results of the ATI are specific to the course being taught, we also examined ATI scores for PDs (*n* = 28) who completed the ATI three times for the same course; that is, before teaching the course, at the end of their first time teaching the course, and at the end of their second experience teaching that same course. Before teaching the course, the PDs gave nearly identical ratings for their support and use of CCSF and ITTF approaches. At the end of the second teaching experience, support for the two approaches differed significantly (paired *t*-test, *p* = 0.002), with support for ITTF approaches decreasing over time by 0.28 ± 0.11 (paired *t*-test, *p* = 0.019; effect size = 0.49), and support for CCSF approaches increasing by 0.27 ± 0.15, although not significantly (paired *t*-test, *p* = 0.081; effect size = 0.38).

Participants' Teaching Practice
-------------------------------

The PDs also reported significant gains in their knowledge and firsthand experience with active-learning pedagogy and teaching strategies ([Figure 1](#F1){ref-type="fig"}). Using data from PDs who completed both the pre- and postsurveys (*n* = 130), we found significant gains in firsthand experience in each of the five areas of pedagogy (Wilcoxon one-sample signed-rank test, *p* \< 0.0001). Greatest gains in experience occurred in the areas of course/curriculum development and assessment. The gains for knowledge in the five areas of pedagogy paralleled the gains in firsthand experience. Significant gains in experience with five active-learning teaching strategies also occurred (Wilcoxon one-sample signed-rank test, *p* \< 0.01; [Figure 1](#F1){ref-type="fig"}). The greatest gains were in experience with cooperative/collaborative learning and case studies.

![FIRST IV participants reported gains in firsthand experience with different dimensions of active-learning pedagogy (top: TI = technology instruction, CCD = course/curriculum development, AS = assessment, BER = biology education reform, TL = theories of learning) and strategies (bottom: IBL = inquiry-based laboratories, PBL = problem-based learning, CCL = cooperative/collaborative learning, IBFP = inquiry-based field projects, TP = teaching portfolios, CS = case studies). All responses were based on a five-point Likert-type scale with 5 as the highest rating and 1 the lowest rating. Error bars represent the SEs.](ar22fig1){#F1}

Expert reviews of the PDs' teaching videos provided independent evidence that the majority of PDs used transformed teaching practices. Almost all (86%) of the PDs who taught an entire course had total scores in RTOP categories III--V (mean = 54.1 ± 0.6; [Figure 2](#F2){ref-type="fig"}), exhibiting significant student engagement and reformed teaching ([@B42]). In addition, the RTOP scores were aligned with the PDs' self-reported beliefs about their teaching in those same courses. The PDs' self-ratings on the ATI for the CCSF subscale were positively correlated with total RTOP score (Spearman *r* = 0.43, *p* \< 0.0001; *n* = 99), while self-ratings for the ITTF subscale were negatively correlated (Spearman *r* = −0.39, *p* \< 0.0001; *n* = 99). Teaching only part of a course had an adverse effect on RTOP scores. The PDs who taught a partial course had scores in a teacher-centered RTOP category more frequently compared with those teaching an entire course (*df* = 4, Χ^2^ = 44.6, *p* \< 0.0001). The PDs who taught part of a course rather than an entire course also had significantly lower RTOP scores on average (mean = 43.7 ± 1.0 and 49.6 ± 0.7, respectively; *t*-test, *p* \< 0.0001; effect size = 0.31; [Figure 2](#F2){ref-type="fig"}). Course level and enrollment had no significant effect on RTOP score (F~2,\ 146~ = 1.51, *p* \> 0.05).

![The frequency distribution of RTOP scores for PDs who taught an entire course and those who taught a partial course during their participation in FIRST IV.](ar22fig2){#F2}

The RTOP scores of PDs differed from those of a sample of faculty who had not participated in FIRST IV (mixed analysis of variance, *p* \< 0.0001). Less than 30% of the CF had scores in RTOP categories that indicated use of learner-centered teaching ([Figure 3](#F3){ref-type="fig"}). The lower total RTOP scores of CF resulted from significantly lower scores for all subscales except propositional knowledge, compared with FIRST IV PDs ([Table 3](#T3){ref-type="table"}; mixed analyses of variance, *p* \< 0.0001).

![Mean total RTOP score (±1 SE) for participants of three different professional development programs and a group of CF who did not participate in any of the three programs. Video recordings for SI and FIRST II were made after completion of professional development by the participants. Those for FIRST IV were from PDs who taught an entire course during the final year of professional development. Histograms bars with the same letter show means that are not statistically different from each other (mixed analysis of variance, *p* \< 0.0001).](ar22fig3){#F3}

###### 

Mean (± 1 SE) scores on the five subscales of the RTOP for teaching videos of participants in three faculty professional development programs and comparison faculty (CF)

  Subscale                       CF (*n* = 20)   SI faculty^a^ (*n* = 37)   FIRST II faculty^a^ (*n* = 37)   FIRST IV PDs (*n* = 145)
  ------------------------------ --------------- -------------------------- -------------------------------- --------------------------
  Lesson design                  5.92 ± 0.59     5.40 ± 0.42                6.31 ± 0.56                      9.01 ± 0.20
  Propositional knowledge        13.94 ± 0.36    13.11 ± 0.25               12.59 ± 0.46                     13.87 ± 0.12
  Procedural knowledge           4.10 ± 0.48     4.20 ± 0.34                4.94 ± 0.50                      7.26 ± 0.18
  Communicative interactions     6.62 ± 0.40     5.57 ± 0.42                6.93 ± 0.54                      9.49 ± 0.18
  Student--teacher interaction   6.79 ± 0.52     6.09 ± 0.45                7.56 ± 0.69                      9.99 ± 0.18

^a^Data were obtained as described in [@B19].

Participants' Assessments of Learning
-------------------------------------

In addition to analyzing teaching practices, we also determined the Bloom's level of assessments (*n* = 188) used by the PDs. The primary foci of the quiz and test questions used by the PDs who taught an entire course (*n* = 57) were knowledge and comprehension, which represented lower-order cognitive skills ([@B10]). Twelve percent of the quiz and exam points, on average, were allocated to assessing higher-order thinking ([Figure 4](#F4){ref-type="fig"}). There were no significant differences in the distribution of points assigned within any Bloom's level between upper- and lower-level courses (Kolmogorov-Smirnov two-sample test, *p* \> 0.05). In addition, there was no significant relationship between the teaching practices of PDs based on RTOP score and the corresponding mean Bloom's score for the assessments used (Spearman correlation coefficient, *r* = 0.22, *p* \> 0.05).

![Mean percentage of assessment points per course (*n* = 57) categorized into each Bloom's category for PDs who taught an entire course.](ar22fig4){#F4}

DISCUSSION
==========

We documented the teaching practices of postdoctoral fellows who participated in the FIRST IV professional development program. The results supported our predictions about participant beliefs and teaching practices but not design of assessments. We use our results, from both direct observation and surveys, to identify best practices for the design and implementation of effective professional development programs, models of which are missing from the literature ([@B31]; [@B35]; [@B73]).

Evidence of Effectiveness
-------------------------

We predicted that, if the FIRST IV program was effective, then the PDs would implement learner-centered teaching practices in the classroom and teach in ways that were different from peers who had not completed the FIRST IV program. Our data supported this prediction.

Comparison of actual teaching practices by the PDs with that of participants in other professional development programs is difficult, because approaches to program assessment vary and published results typically rely on self-reported data rather than independent evaluation by external experts ([@B35]). We used the RTOP to evaluate teaching by the PDs, in part because we could compare the results with RTOP scores from the CF and faculty from two prior faculty professional development programs, SI ([@B50]) and FIRST II. We originally reported data from SI and FIRST II faculty in [@B19].

Baseline data about the CF and participants in the professional development programs and the courses they taught are presented in [Table 4](#T4){ref-type="table"}. The emphasis of FIRST II and SI on development of experienced faculty is reflected in their participants' significantly greater number of years of teaching experience compared with those in the FIRST IV and CF groups. The other notable difference among groups was the larger class size, on average, for SI faculty. The frequency of males and females and courses taught at the introductory level did not differ significantly among the groups (χ^2^, *p* \> 0.05). There were no differences in the self-reported knowledge of active-learning pedagogies or firsthand experience with active-learning (mixed analysis of variance, *p* \> 0.05). [@B66] suggested that, when participants in a professional development program are asked to provide self-reported information about their teaching, they may feel pressured to provide positive responses as feedback to the program leaders. Such a response could contribute to the lack of agreement between self-reported data and data from external reviewers about the teaching practices of faculty (e.g., [@B19]). If pressure to meet program expectations was a significant factor, then we expected that the self-reported data from faculty in the professional development programs would be high and data from the CF would be significantly lower. Instead, we found that all faculty, whether in a professional development program or not, perceived themselves as having equally high levels of experience with active-learning teaching strategies ([Table 4](#T4){ref-type="table"}).

###### 

Characteristics of the participants in three professional development programs (SI = Summer Institutes, FIRST = Faculty Institutes for Reforming Science Teaching) and a comparison faculty (CF) group^a^

                  Participants   Teaching experience^b^   Active-learning knowledge   Active-learning experience   Course level   Class size              
  ---------- ---- -------------- ------------------------ --------------------------- ---------------------------- -------------- ------------ ----- ---- -------
  SI         39   47             14.5^†^                  1.6                         39.7                         1.7            35.6         1.5   91   80^†^
  FIRST II   38   56             11.6^†^                  1.2                         38.5                         1.5            35.5         1.2   79   37\*
  FIRST IV   71   66             1.8\*                    0.14                        42.1                         1.2            40.2         1.2   67   17\*
  CF         20   47             3.9\*                    1.0                         34.6                         2.6            34.9         2.3   64   32\*

^a^Knowledge of and experience with active learning was determined from survey data. Introductory courses were 100- and 200-level courses.

^b^Values in a column that share the same symbol (\*, †) and values in columns without symbols are not significantly different from one another (generalized linear model, *p* \> 0.05).

The procedure used for obtaining and reviewing recordings of class sessions for all groups was the same. Specifically, participants chose at least two class sessions to record when teaching a complete course. The SI and FIRST II faculty provided recordings of courses taught after completion of their professional development program. The recordings were deidentified and reviewed by at least two experts who were trained and calibrated in the use of the RTOP and who did not know the instructor in the recordings. Any biases by participants in providing recordings, such as selecting class sessions that were closely aligned with pedagogy learned in a professional development program, would likely be similar among the groups. As for the videos from the FIRST IV PDs, there was no statistically significant difference in RTOP scores for the first compared with the second video submitted by participants in the SI or FIRST II programs or the CF (paired *t*-test, *p* \> 0.05). Consistency in RTOP scores from class to class and independence of RTOP score from the topic taught in a class session were also reported by [@B14] for most instructors. Our comparison here focuses solely on teaching practices after completion of a professional development program, because baseline data documenting the teaching practices of participants before professional development were not available for any of these programs.

The effectiveness of the FIRST IV program was striking when compared with other professional development programs and faculty with no FIRST IV training. The average RTOP score was significantly greater for FIRST IV participants compared with those of the FIRST II, SI, and CF groups ([Figure 3](#F3){ref-type="fig"}; mixed analysis of variance, *p \<* 0.0001). Three-fourths (74%; [Figure 5](#F5){ref-type="fig"}) of the FIRST IV PDs who taught an entire course implemented learner-centered teaching (i.e., RTOP categories III--V) during their second year of professional development, based on RTOP scores assigned by expert raters. In contrast, less than one-third of the video-recorded faculty participants in the FIRST II or SI programs had a total RTOP score within a learner-centered RTOP category (i.e., categories III--V). The same was true of CF, of whom \< 30% had RTOP scores that indicated use of learner-centered teaching ([Figure 5](#F5){ref-type="fig"}). The scores of FIRST IV PDs on four of the five subscales of the RTOP were 37--77% greater than those of the FIRST II, SI, and CF groups ([Table 3](#T3){ref-type="table"}). Higher scores by the FIRST IV PDs on the four subscales resulted from their greater engagement of students in the learning process (e.g., making and testing predictions, creating and using models, and communicating their ideas to others; [@B14]).

![Frequency of RTOP scores among the five RTOP categories ([Table 1](#T1){ref-type="table"}) for participants of three different professional development programs and a group of CF who did not participate in any of the three programs.](ar22fig5){#F5}

Situational differences among the groups could have marked influences on RTOP scores. Therefore, we tested for effects of the variables in [Table 4](#T4){ref-type="table"} on total RTOP scores, excluding "knowledge of active-learning pedagogy" because of its high correlation with "experience with active learning." The most influential variable on RTOP score by far was "group" (i.e., professional development program or lack thereof; general linear model, partial η^2^ = 0.14), with SI and CF group having significantly lower RTOP scores on average compared with FIRST II and IV faculty (general linear model, *p* = 0.002). The only other variable of statistical significance was class size (general linear model, *p* = 0.033; partial η^2^ = 0.05). Faculty teaching larger courses had lower RTOP scores in general compared with faculty teaching smaller courses. Thus, the relatively low RTOP scores of SI faculty could be attributable, in part, to the preponderance of large courses they taught ([Table 4](#T4){ref-type="table"}). When we controlled for variation in class size in the analysis of differences among the groups, however, the results were the same as without the covariate ([Figure 3](#F3){ref-type="fig"}). Mean RTOP score for FIRST IV participants was still significantly greater than for the other three groups (analysis of covariance, *p* \< 0.0001), and scores among the non--FIRST IV groups did not differ significantly from one another. It is worth noting that large class size does not prevent implementation of learner-centered courses ([@B38]). As pointed out by [@B14], some faculty in their study who taught large courses had high RTOP scores. The same was true in our comparisons in which seven faculty with courses of 100 to more than 200 students had total RTOP scores that were in a learner-centered category (score \> 50). Gender of the professor, years and perception of teaching experience, and course level had no main effect on RTOP score.

The professional context of the participants' teaching in the four comparison groups might also have influenced their teaching practices. The PDs were employed in full-time research positions and also had the support of their principal investigators for teaching the course. The PDs, especially the 60% who taught an entire course, were in effect balancing research and teaching within their profession. However, since they were not in faculty positions for which teaching was a formal responsibility and part of annual evaluations, their interest and willingness to implement transformed teaching was perhaps less constrained by traditional departmental expectations. Faculty in the other groups, especially those who were untenured (SI = 45%, FIRST II = 66%, CF = 90% untenured), might have felt more limited in their teaching options. Data from the background survey completed by the CF provided some insight into possible impacts of tenure. Specifically, the CF were asked to rate "the extent to which tenure-related issues pose a challenge as you implement an active-learning course." On average, the responses were between "not challenging" and "somewhat challenging" (mean = 2.5 ± 0.3, where 2 = not challenging and 3 = somewhat challenging). These results suggested that tenure, or the lack thereof, did not have a major influence on RTOP scores.

We also predicted that, if FIRST IV was effective, then the PDs would demonstrate belief in learner-centered approaches to teaching. The PDs believed that they increased their knowledge and experience with learner-centered pedagogy and teaching strategies ([Figure 1](#F1){ref-type="fig"}), based on self-reported data. These gains were typical of self-reported data from faculty following professional development (e.g., [@B40]; [@B50]; [@B19]). Further evidence for the PDs' belief in learner-centered teaching was obtained from the ATI. When all courses were studied, the PDs reported greater use of CCSF compared with ITTF approaches to teaching in their classes. Similar outcomes from the ATI were reported for junior ([@B40]) and international ([@B24]) faculty after professional development, but not for their untrained control groups.

We expected that the PDs' responses on the ATI would change over time, with an increased emphasis on CCSF approaches. When we examined only courses that were taught at least twice by the same PD, the PDs reported equal support for the CCSF and ITTF scales the first time they taught. The mean score for these PDs on the CCSF scale (3.60 ± 0.14, *n* = 28) was similar to that reported for faculty teaching in other hard sciences, while the score for the ITTF scale (3.50 ± 0.12, *n* = 28) was somewhat higher than for other faculty in the hard sciences ([@B41]). Our results indicated an initial level of dissonance in the PDs' beliefs about how they could help students learn. A high score on both scales may result from a belief that conceptual change in students' thinking could be accomplished through information transfer only, an approach that is not supported by science education research ([@B56]). The subsequent decrease in PD scores on the ITTF scale indicated that, with experience and professional development, the PDs realized that information accumulation did not lead to conceptual change in students' understanding. [@B56] suggested that such shifts in teaching approach require understanding of the students' experience of learning (i.e., learner-centered approach) rather than the instructor's experience of teaching.

Our final prediction was that, if FIRST IV was effective, the PDs would design assessments aligned with beliefs and practices of learner-centered teaching. Thus, the types of learning practiced by students during the course on exams and quizzes would include an emphasis on assessing students' higher-order cognitive skills. During the FIRST IV workshops, the PDs learned to design assessments that revealed student proficiency with the types of thinking and skills students used in the classroom, using Bloom's taxonomy ([@B10]) as a framework for levels of cognitive thinking. For example, the PDs practiced designing exam questions that incorporated conceptual model development and evaluation, argumentation, and data analysis ([@B17]). Yet the majority of the assessments used by the PDs during their teaching experiences focused on questions and tasks that required lower-order cognition, despite engaging students in a variety of activities in class that required higher-level thinking. The PD's use of lower-level assessment questions agreed with findings by [@B47]. These questions emphasize primarily factual and concrete concepts, excluding the integration of concepts and skills that align with a learner-centered classroom experience. One explanation for the use of lower-level questions could be the practical difficulties associated with grading extended-response questions that focus on higher-level cognitive skills (e.g., synthesis, evaluation) in large courses. Courses taught by the PDs ranged in size from ten to 205 students (mean = 48), yet there was only a marginally significant negative correlation between class size and mean Bloom's score on assessments (Pearson's correlation, *r* = 0.26, *p* = 0.05). [@B47] found no relationship between course size and the cognitive level of assessments. The alignment between the training the PDs received and the assessments they used could potentially be improved by adding more peer and expert mentoring around assessment development, and analysis of assessment items during workshops.

Contributions to Future Professional Development Programs
---------------------------------------------------------

What components of the FIRST IV program led to a large majority of participants who implemented learner-centered teaching practices? This question is difficult to answer without controlled studies in which specific program components are investigated. We offer here our best insights based on knowledge of previous professional development programs and their outcomes and feedback from the FIRST IV participants.

An obvious and unique component of FIRST IV was its focus on postdoctoral scholars rather than faculty with experience in teaching. Based on outcomes from the FIRST II project, less-experienced instructors were expected to more readily learn and adopt nontraditional teaching practices ([@B24]; [@B19]). In fact, that expectation was consistent with our results ([Figures 3](#F3){ref-type="fig"} and [5](#F5){ref-type="fig"}). The PDs chose to participate in FIRST IV, suggesting that they considered teaching as a key component of their professional identities and balance ([@B59]; [@B13]).

The second key component was reflection by the PDs on their understanding of transformed teaching. Reflection was enabled during the iterative process of learning new pedagogical strategies during workshops, implementing the new strategies in courses, and reflecting on teaching with mentors and peers that occurred over 2 yr. Given the effectiveness of visual review of teaching practices (e.g., [@B9]; [@B48]), the reflection activities specifically included mentored review of video exemplars, videos of other PDs, and the participants' own teaching. The PDs' interactions with their mentors included examination of formative feedback from teaching videos, discussions about course design, students' feedback, and formal self-reflection before the second annual workshop. Critical reflection and dialogue with mentors may have enabled the PDs to develop congruence between their beliefs about teaching and subsequent classroom practices ([@B25]; [@B46]; [@B60]; [@B74]; [@B29]).

A third difference from most professional development events was our focus on the PDs developing an entire course rather than a smaller piece of instruction or individual teaching tools (e.g., case study, clickers). The basis for PDs' development of a course was to gain experience in creating course goals and objectives, designing assessments, and selecting course activities. By doing this, the PDs worked within a learner-centered course framework that enabled them to further develop, modify, and add lessons over time. In FIRST II and SI, the faculty developed pieces of instruction rather than a framework for an entire course and the RTOP scores were significantly lower than those of the FIRST IV PDs ([Figure 3](#F3){ref-type="fig"}). We assert that this holistic approach to course design was more effective than developing a single lesson of learner-centered instruction to insert into a framework of a traditional course.

As schools, colleges, universities, and funding agencies continue to address the need for transformation of the STEM classroom experience through current and future faculty professional development, the consideration of professional development program design features is critical to improving the returns on time and funds invested ([@B35]; [@B73]). Results from FIRST IV are consistent with prior research on professional development (e.g., [@B48]), suggesting that duration (e.g., [@B18]) of professional development and practice is key to successful future programs. This means that participants in programs with education objectives must teach a full course, or at minimum the majority of a course, and teach more than once. Furthermore, the participants' teaching experiences must be paired with expert feedback, ideally from a mentor who is constructivist minded. Both the mentor and mentee need to make judicious use of teaching observations and review of course materials combined with an iterative process of reflection by the mentee. For all practical purposes, professional development is all about implementation and feedback, and we need to construct professional "learning" opportunities in workshops that genuinely model what we do in the STEM classroom itself.
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